Genome sequence analysis of the bacterium Xylella fastidiosa revealed the presence of two genes, named rpoE and rseA, predicted to encode an extracytoplasmic function (ECF) sigma factor and an anti-sigma factor, respectively. In this work, an rpoE null mutant was constructed in the citrus strain J1a12 and shown to be sensitive to exposure to heat shock and ethanol. To identify the X. fastidiosa E regulon, global gene expression profiles were obtained by DNA microarray analysis of bacterial cells under heat shock, identifying 21 Edependent genes. These genes encode proteins belonging to different functional categories, such as enzymes involved in protein folding and degradation, signal transduction, and DNA restriction modification and hypothetical proteins. Several putative E -dependent promoters were mapped by primer extension, and alignment of the mapped promoters revealed a consensus sequence similar to those of ECF sigma factor promoters of other bacteria. Like other ECF sigma factors, rpoE and rseA were shown to comprise an operon in X. fastidiosa, together with a third open reading frame (XF2241). However, upon heat shock, rpoE expression was not induced, while rseA and XF2241 were highly induced at a newly identified E -dependent promoter internal to the operon. Therefore, unlike many other ECF sigma factors, rpoE is not autoregulated but instead positively regulates the gene encoding its putative anti-sigma factor.
Regulation of gene expression is required for adaptive response of bacteria to distinct environmental stimuli. Bacterial sigma factors regulate gene expression by conferring different promoter specificities on RNA polymerase during transcription initiation. Bacterial genomes usually encode one principal sigma factor for transcription of housekeeping genes, of which sigma 70 of Escherichia coli is the prototype, and a variable number of alternative sigma factors that coordinate specific regulons (61) . The extracytoplasmic function (ECF) sigma factors were initially described as a distinct group of the sigma 70 family based on sequence similarity. This group initially included the presently well-characterized ECF sigma factors E of Streptomyces coelicolor, AlgU of Pseudomonas aeruginosa, E and FecI of Escherichia coli, CarQ of Myxococcus xanthus, HrpL of Pseudomonas syringae, CnrH of Alcaligenes eutrophus, and SigX of Bacillus subtilis (37) .
In the traditional model for regulation of ECF sigma factors, an extracytoplasmic signal releases the sigma ECF from antisigma factor inhibition and thereby leads to the transcription of the target genes, usually including its own operon, a mechanism of positive autoregulation that allows amplification and turn-off of the signal (26) . Genome sequencing revealed that ECF sigma factors are widespread in several bacterial species, and characterization of multiple members of this group has shown that they share some common features. They recognize preferentially a promoter element with an "AAC" motif in the Ϫ35 region, are cotranscribed with an anti-sigma factor in an auto-regulated operon, and regulate functions associated with the cell envelope (26) .
A combination of genetic strategies with genomewide expression experiments and bioinformatics analysis has provided a powerful way of identifying ECF regulon members. In Escherichia coli, for example, the number of genes identified as belonging to the E regulon has increased significantly in recent years. The first three identified targets for E were rpoH, htrA, and rpoE, defining a second heat shock regulon activated at very high temperature (18, 35, 50, 53) . Many other genes have been shown to be regulated by E , including genes that encode proteins involved in folding or degradation of polypeptides (proteases, peptidylprolyl isomerases, chaperones, and thiol-disulfide isomerases), as well as genes involved in lipopolysaccharide (LPS) biogenesis and genes of unknown function (11, 51) . More recently, a study has developed a promoter prediction model for the E regulon, enabling the identification of 89 transcription units regulated by E in E. coli and eight related genomes. The core regulon is involved in LPS and outer membrane protein biosynthesis, while the variable set of genes is involved in functions associated with pathogenesis (52) . Other examples of extensively studied ECF regulons are multiple ECF sigma factors in Bacillus subtilis, Mycobacterium tuberculosis, and Streptomyces coelicolor (26) .
In Pseudomonas aeruginosa, sigma factor AlgU mutants presented increased sensitivity to extreme temperatures and reactive oxygen species (41) , in addition to directly regulating an osmotically inducible gene (21) . In Mycobacterium tuberculosis, 10 sigma ECF genes have been annotated, and it has been demonstrated that E and H are involved in the response to heat shock, oxidative, and surface stresses (38, 39) .
Xylella fastidiosa is a gram-negative, xylem-limited gammaproteobacterium phylogenetically related to Xanthomonas (60) . This phytopathogen, transmitted by xylem sap-feeding insects, causes disease in diverse plant hosts, including citrus variegated chlorosis (CVC) in orange trees and Pierce's disease in grapevines (49) . The complete genome sequence of a citrus strain and of a grapevine strain (55, 58) and the draft sequences of the almond-and oleander-infecting strains of X. fastidiosa (7) have stimulated genetic and molecular studies of the bacterium. Transcriptome analysis has been used to compare growth in biofilm and planktonic cells (16) , freshly isolated bacteria, or axenic culture (15) and in genotyping studies comparing different strains (30, 47) . Analysis of the response of X. fastidiosa to heat stress was recently carried out (31) , determining the genes involved in the heat shock response in the citrus strain 9a5c. A total of 261 genes were induced, and 222 genes were repressed, as determined after different times of exposure to 40°C (31) .
However, a more direct assignment of gene function and evaluation of its association with pathogenesis require the analysis of mutants. Although some attempts were made to obtain mutants in citrus strains (12, 23, 29) , they are more easily obtained in Pierce's disease strains (19, 24, 42, 46) . In CVC strains of X. fastidiosa, mutants were obtained only by homologous recombination when vectors carrying a functional Xylella origin of replication were utilized (12, 23) .
Annotation of the genome sequences of X. fastidiosa strains indicates the presence of four genes encoding putative sigma factors. The rpoN gene encodes a 54 orthologue belonging to the sigma 54 family. The other three genes encode orthologues of the sigma 70 family: rpoD, encoding the principal sigma factor 70 ; rpoH, encoding the heat shock sigma factor 32 ; and rpoE, encoding the single ECF sigma factor of X. fastidiosa. Although several studies of global gene expression in response to different growth conditions were carried out, little is known regarding the regulatory networks that control gene expression in X. fastidiosa. In this work, we describe the construction of an rpoE null mutant of X. fastidiosa CVC strain J1a12 and demonstrate that the cells become sensitive to heat shock and ethanol. Using DNA microarray and real-time quantitative reverse transcription-PCR (qRT-PCR) analyses, we were able to identify members of the E regulon and to show the involvement of this sigma factor in the regulation of the heat shock response. The increase in E activity during heat stress is not the result of increased mRNA or protein levels and probably involves modulation of E activity by its anti-sigma factor. This ECF sigma factor presents an unusual regulatory mechanism, since rpoE is not autoregulated but exerts positive regulation on the gene encoding the anti-sigma factor.
MATERIALS AND METHODS
Strains and growth conditions. X. fastidiosa J1a12 (45) was grown in PW medium (13) containing 0.5% glucose (PWG). The rpoE strain was grown in PWG containing 10 g ml Ϫ1 ampicillin (PWG/Amp) and the rpoE(pRPOE) strain was grown in 10 g ml Ϫ1 ampicillin and 5 g ml Ϫ1 kanamycin. Cultures were grown at 25°C with no agitation unless otherwise indicated. Transformation of X. fastidiosa was carried out as described previously (12) . E. coli was grown at 37°C in LB medium supplemented with ampicillin (100 g ml Ϫ1 ) or kanamycin (50 g ml Ϫ1 ) as necessary. All oligonucleotides used in this study are described in Table S1 at the project web site (http://blasto.iq.usp.br/ϳtkoide/Xylella/RpoE/).
Construction of an rpoE null mutant strain. Gene disruption was achieved by homologous recombination using a pUC-based vector (pUCBM21; Boehringer Mannheim) harboring a 400-bp fragment (amplified by PCR with primers Ori1 and Ori2) containing the chromosomal origin of replication of X. fastidiosa 9a5c (55) , generating vector pUCBM21oriC. The internal region of the rpoE gene was amplified by PCR with primers rpoE1 and rpoE2 in a 50-l reaction mixture containing 0.5 g DNA, 50 pmol each nucleotide, 2 mM MgCl 2 , 0.2 mM deoxynucleotide triphosphates, and 1 U Taq DNA polymerase (Gibco BRL) in the supplied enzyme buffer. The 450-bp BamHI/ApaI fragment was ligated to pUCBM21oriC and introduced into X. fastidiosa J1a12 by electroporation. Transformants were selected in PWG/Amp plates, and four colonies were inoculated in liquid PWG/Amp. Cultures were diluted 1:10 every 7 days in fresh medium, and this procedure was repeated several times, each time constituting one passage. At the second and fifth passages, a sample of the cells was screened for integration of the plasmid by colony PCR, using primers sigma 24-1 and M13Reverse, which amplified a fragment only if the plasmid had integrated into the rpoE gene. Once the integration was confirmed, isolated colonies were obtained and integration at the rpoE locus was confirmed by Southern blotting using a 670-bp fragment containing the rpoE coding region as a probe. The mutant rpoE strain was complemented with a copy of the rpoE gene in trans in a pUCBM21oriC vector containing a kanamycin resistance cassette isolated from pUC-4K (Amersham Biosciences) in a 1,200-bp EcoRI fragment. The 1,160-bp PstI/HindIII fragment (amplified by PCR with primers Sigma24C1 and XF2240EXT) containing the promoter and the coding regions of rpoE was sequenced and cloned into the vector (pRPOE) and introduced into the rpoE mutant strain.
Anti-E immune serum and immunoblots. The 670-bp BamHI/EcoRI fragment (amplified by PCR with primers Sigma24-1 and Sigma 24-2) containing the complete coding region of X. fastidiosa rpoE was cloned into vector pProEX HTc (Gibco BRL). The recombinant RpoE protein with a polyhistidine tail (HisRpoE) was purified from inclusion bodies of E. coli DH5␣ after solubilization in 0.3% Sarkosyl, as described previously (10a), followed by chromatography in a nickel column. The immune serum was obtained in New Zealand rabbits after four subcutaneous injections of 0.5 mg of purified protein in Freund's incomplete adjuvant. Immunoblots were performed essentially as described previously (57), using a 1:1,000 dilution of the antiserum and a secondary anti-rabbit-alkaline phosphatase conjugate (1:30,000 dilution).
Stress survival tests.
The rpoE null strain was tested for survival of heat shock by transferring a midlog-phase culture from 25°C to a water bath at 45°C and taking aliquots at several time points. Serial dilutions of the cultures were plated in PWG/Amp, and the numbers of CFU were determined by counting the colonies after 21 days at 25°C. The parental J1a12 strain was used as a control. In order to test for ethanol resistance, cultures of J1a12 and rpoE strains were grown up to midlog phase and ethanol was added to 1.5%. Growth was evaluated by measurement of optical density at 600 nm.
RNA purification. Total RNA was extracted from cell cultures grown to midlog phase at 25°C, incubated at 40°C for 25 min, or grown in the presence of 5% ethanol for 30 min, using the TRIzol reagent (Invitrogen). A further treatment with 0.03 U RQ1 DNase I (Promega) per g of RNA for 30 min at 37°C, followed by phenol extraction and ethanol precipitation, was carried out for RNA used in the microarrays and RT-PCR experiments. The RNA was evaluated for quantity and quality by A 260 and agarose formaldehyde gel electrophoresis.
Microarray analysis. Microarrays containing unique internal PCR-amplified fragments of 94.5% of the Xylella fastidiosa genome (2,692 genes) spotted at least in duplicate were used for the experiments. A detailed description of the array can be found in Koide et al. (30) . Total RNA (20 g) was reverse transcribed and labeled using the SuperScript Plus Indirect cDNA Labeling System (Invitrogen), according to the manufaturer's instructions. Briefly, the RNA was reverse transcribed using the enzyme SuperScriptIII in the presence of modified aminoallyldeoxynucleotide triphosphate, an optimized nucleotide mix, buffer, dithiothreitol, and random primers. The resulting amine-modified cDNA was then chemically labeled in the aminoallyl group using Alexa Fluor 555 reactive dye, which corresponds to Cy3, and Alexa Fluor 647 reactive dye, corresponding to Cy5. Hybridization, washing, and scanning were performed as previously described (30) . The fluorescence mean intensity and surrounding median background from each spot were obtained with ArrayVision v6.0 (Imaging Research, Inc). Unreliable spots having intensities too similar to the local background (mean intensity, Ͻ2 times the standard deviation of the background in the control and test samples simultaneously) or saturated (intensity, greater than 990 fluorescence units) were filtered out. Normalization was carried out by using a locally weighted linear regression (LOWESS) algorithm fitting on an M-versus-S plot, where M is the fluorescence log ratio of the test sample relative to the 552 DA SILVA NETO ET AL. J. BACTERIOL.
control condition [M ϭ log 2 (rpoE Ϫ /J1a12)] and S is the log mean fluorescence intensity [S ϭ log 2 (rpoE Ϫ ϩ J1a12)/2)] (62). The complete data set is publicly available according to MIAME guidelines (3). We used intensity-dependent cutoff values for classifying a gene as differentially expressed based on self-self control experiments, as previously described (30, 59) . Briefly, the self-self approach consists of simultaneously hybridizing the cDNA from the control sample labeled with either Cy3 or Cy5 to estimate the experimental noise. We used 0.99 credibility intervals, a window size of 1.0, and a window step of 0.2. A gene was classified as differentially expressed if at least 75% of its replicates were outside the intensity-dependent cutoff curves, using at least three replicates.
Real-time RT-PCR. The primers used in this analysis were designed with PrimerExpress software (Applied Biosystems). For validation of the heat shock microarray results, a one-step qRT-PCR analysis was performed with eight open reading frames (ORFs) using the Absolute qRT-PCR SYBR green mix (ABgene). Reactions were carried out with 250 ng of RNA pretreated with DNase I, 0.1 M each primer, and 12.5 l of SYBR green mix. The following cycling conditions were used: 47°C for 30 min, 95°C for 15 min, 40 cycles of 95°C for 15 s, and 60°C for 1 min. Two-step qRT-PCR was used in all other experiments (rpoE mRNA level under several stresses and E -dependent induction of specific transcripts). About 5 g of RNA pretreated with DNase I was used as a template for total cDNA synthesis with 50 ng of random hexamers, using the SuperScript first-strand synthesis system for RT-PCR (Invitrogen). Real-time PCR was performed using 50 ng of cDNA, 0.1 M each primer, and 12.5 l of the Platinum SYBR green qPCR supermix UDG (Invitrogen). The cycling conditions used were 50°C for 2 min, 95°C for 2 min, 40 cycles of 95°C for 15 s, and 60°C for 1 min. Reactions were performed and analyzed in the ABI 7500 realtime system (Applied Biosystems). Nonspecific product and primer dimers were checked by dissociation curve analysis. Relative expression levels were calculated using the 2 Ϫ⌬⌬CT method (36) . Results were normalized using the dnaQ gene (XF2157) as the endogenous control, which was shown to be constant in the samples analyzed by microarray. We were able to detect the rpoE mRNA in the rpoE mutant, since the primers used for qRT-PCR hybridized upstream of the disruption site in the rpoE gene.
Analysis of the transcription unit rpoE-rseA-XF2241 by RT-PCR. To determine whether the genes rpoE (XF2239), rseA (XF2240), and XF2241 comprise a single transcriptional unit, RT-PCR experiments were performed. Cotranscription between XF2239 and XF2240 was analyzed with primers XF2239-1F/ XF2240-705R, while cotranscription between XF2240 and XF2241 was analyzed with primers XF2240-589F/XF2241-984R. Reactions were carried out with 1 g of RNA pretreated with DNase I isolated from cells grown at 25°C or at 40°C, using SuperScript one-step RT-PCR (Invitrogen) according to the manufacturer's instructions. The cycling conditions used were 50°C for 25 min; 95°C for 2 min; and 40 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min and 30 s, followed by incubation at 72°C for 7 min. Negative controls were made with PCR lacking reverse transcriptase to check for DNA contamination.
Mapping of the transcription start sites. Primer extension experiments were carried out as described previously (32) , using the 32 P-labeled oligonucleotides XF0644EXT, XF2594EXT, XF0167EXT, XF2239EXT, XF1694EXT, and XF2240EXT (hybridizing at the beginning of the coding region of the respective genes). The labeled primers were hybridized to 50 g RNA isolated from J1a12, rpoE, or rpoE(pRPOE) cells grown in PWG either at 25°C or after treatment at 40°C for 25 min. A sequencing ladder was generated by M13 DNA sequencing using the 32 P-labeled primer M13Forward and the Thermosequenase cycle sequencing kit (USB). The 5Ј rapid amplification of cDNA ends (RACE) method was used to determine the rpoE transcription start site using the 3Ј/5Ј RACE kit (Roche). Total RNA was extracted from strain J1a12 grown up to midlog phase at 25°C, treated with DNase I (Promega), and reverse transcribed using the rpoE sequence-specific primer XF2239SP1. The cDNA was purified with a Qiaquick PCR purification kit (QIAGEN), poly(A) tail was added, and a subsequent PCR amplification was performed using the forward dT-anchor primer and the sequence-specific reverse primer XF2239-126R (SP2). The PCR products were cloned into TOPO vector (Invitrogen) and sequenced using forward and reverse M13 universal primers.
Microarray data accession number. The microarray data have been deposited in NCBI's Gene Expression Omnibus (GEO) database (3) (http://www.ncbi.nlm .nih.gov/geo) under the accession number GSE4960.
RESULTS AND DISCUSSION
Characterization of an rpoE null mutant strain. An rpoE null strain was generated by single-step homologous recombination, with integration of plasmid DNA into the rpoE gene of the X. fastidiosa CVC strain J1a12. Gene disruption by insertion duplication mutagenesis has been largely used for bacteria in which allelic exchange is not easily achieved (25, 33, 34) . Detection of integration occurred only after five consecutive passages in liquid media, consistent with the low frequency of homologous recombination observed in this bacterium. This, in turn, results in a very low rate of success in obtaining mutants by targeted gene disruptions in citrus strains of X. fastidiosa, with only three reports found in the literature (12, 23, 56) . Use of replicative vectors for homologous recombination, such as the system we used, has been an alternative mutagenesis method in other bacteria that are refractory to the classical suicide vector approach (5, 17) . Integration into the rpoE locus, confirmed by Southern blotting (Fig. 1A) , generated a null mutant strain that did not express E , as verified by immunoblotting using a specific polyclonal antiserum (Fig. 1B) . Complementation with a low-copy-number plasmid carrying the rpoE gene and its regulatory region restored the expression of the protein to levels similar to those of the parental strain (Fig. 1B) . These results showed that E is not essential for X. fastidiosa, similar to other bacteria (26) but unlike E. coli, whose single rpoE gene is essential for viability (14) .
The rpoE strain was then tested for resistance to heat shock at 45°C for several periods of time. This strain showed a more severe loss of viability than the parental strain J1a12, whereas the complemented rpoE(pRPOE) strain had restored the parental levels of resistance ( Fig. 2A) . Growth in the presence of 1.5% ethanol was also impaired in the rpoE mutant strain (Fig.  2B) , confirming the requirement for E in the response to accumulation of misfolded proteins that are generated by these stresses. These results suggested that E mediates the heat shock response in X. fastidiosa, probably regulating genes essential for survival under these conditions. Moreover, the rpoE mutant strain was not sensitive to either H 2 O 2 or NaCl, as determined by growth curves and a zone diffusion assay (not shown). The sensitivity of ECF sigma factor mutant strains to high temperature, oxidative stress, ethanol, and sodium dodecyl sulfate, as well as the involvement of these sigma factors in pathogenesis, has been determined for several bacteria (4) . In E. coli, E mediates the response to extreme heat shock, regulating the expression of genes important for the integrity of the cell envelope (11, 27) , whereas 32 mediates the cytoplasmic heat shock response to less severe temperatures (2). X. fastidiosa also presents the rpoH gene, encoding heat shock factor 32 (55); therefore, E could have a more restricted role in the extracytoplasmic response to high-temperature stress.
In order to evaluate whether rpoE expression was affected by different stresses, we measured the amount of rpoE mRNA and E levels in strain J1a12 by qRT-PCR and immunoblot analysis, respectively. Bacteria were submitted to osmotic stress (300 mM sucrose or 250 mM NaCl), oxidative stress (0.1% H 2 O 2 ), low temperature (10°C), and stationary phase. The levels of rpoE mRNA and protein were not affected under any of the conditions tested (data not shown). In addition, the roles of rpoE in oxidative and osmotic stresses have been assessed by microarray experiments with RNA from cells incubated in the presence of H 2 O 2 and NaCl, and data indicated that these stimulons in X. fastidiosa are independent of rpoE (unpublished data).
Since RpoE is required during heat shock and exposure to ethanol, the same analysis was carried out to determine the mRNA and protein levels of RpoE under these stresses. During heat shock, the amount of rpoE transcript decreased to 40% of that of the control, but immunoblot analysis of E levels showed no change in the amount of the sigma factor ( Fig. 2C and D) , suggesting that its activation does not lead to a significant change in its own levels in the cell. Under heat shock, the rpoE mRNA levels went down but E levels were not affected, indicating possible posttranscriptional control in response to heat stress. When cells were submitted to ethanol stress, the levels of rpoE mRNA and protein did not change ( Fig. 2C and D) , although RpoE was still required for survival.
Several ECF sigma factors were shown to be induced by environmental stresses at the transcriptional level: sigV of Enterococcus faecalis by glucose starvation, heat shock, and sodium dodecyl sulfate treatment (6); rpoE of Salmonella enterica serovar Typhimurium by cold shock, heat shock, osmotic stress, and stationary phase (44) ; and algT of Pseudomonas syringae by heat shock and osmotic and oxidative stresses (28) . In these three examples, the increase in expression was depen- dent on an auto-regulated promoter. This was not the case for X. fastidiosa rpoE, since the levels of rpoE mRNA were not induced under any of the stresses tested and were not diminished in the rpoE strain compared to the parental strain, J1a12 (Fig. 2C) , suggesting that E is not necessary for its own transcription.
Determination of the E heat shock regulon. In order to determine the regulatory role of E in the X. fastidiosa heat shock response, a global transcriptional profile analysis of the rpoE mutant compared to the parental strain was performed under heat shock. Microarray analyses were carried out using RNA isolated from cells of J1a12 and the rpoE null strain incubated at 40°C for 25 min, using three independent biological samples. Twenty-one genes were identified that showed reduced expression in the mutant in comparison to the parental strain in 17 putative distinct transcription units (Table 1) . Among the genes identified as E dependent, 11 were shown to be induced during heat shock, whereas 10 genes that were not shown to be induced by heat shock had diminished expression in the mutant at high temperature (Table 1) .
Several genes regulated by E are involved in the folding and degradation of proteins, such as peptidases (XF2594 and XF0167), proteases (XF2241), and peptidylprolyl cis-trans isomerases (XF0644 and XF1212) ( Table 1) . Other functional categories identified were nucleic acid metabolism (XF2739 and XFa0059), cell wall synthesis (XF0513 and XF1415), and regulatory functions (XF2240 and XF2534), in addition to several proteins of unknown function. In general, these categories fit the overall pattern suggested for E regulons of enterobacteria (52) , with one relevant absence of genes involved in LPS biosynthesis.
Two genes showing the highest J1a12/rpoE expression ratio were XF2240 and XF2241, which constitute a putative single transcription unit. XF2240 encodes a putative anti-sigma factor; it is located downstream of rpoE and presents a probable E -binding domain in its N-terminal region, showing a significant similarity (E value, 5eϪ45) to COG3073 (RseA; a negative regulator of sigma E activity). The N-terminal domain precedes a transmembrane region, and this protein is predicted by the PSORT-B program to be located in the inner membrane (22) . Based on sequence similarity, we propose to name gene XF2240 rseA. Downstream of rseA there is a gene encoding a trypsin-like periplasmic serine protease containing a signal peptide and two PDZ domains (XF2241). This protein is a putative serine protease of the HtrA family (48) , an orthologue of P. aeruginosa MucD (9) .
Microarray analysis using RNA from J1a12 and the rpoE mutant cells grown at 25°C was also carried out, but only three genes showed a reduction in expression in the mutant compared to the parental strain. These genes (rseA, XF2241, and XF2594) presented a twofold reduction in expression and were also reduced in the rpoE strain under heat shock (Table 1) . These results suggest that E RNA polymerase is able to transcribe some genes at low levels in the absence of a particular stimulus and that most of its regulon is transcribed after activation by a stimulus, probably in the same way described for other ECF sigma factors, i.e., via release from an anti-sigma factor.
To validate microarray data, five genes downregulated in the rpoE mutant under heat shock and three genes that did not show variation in expression were analyzed by qRT-PCR, using as an internal control the dnaQ gene. The microarray and qRT-PCR data showed a high level of agreement (r ϭ 0.90), indicating that our microarray approach was sensitive enough to identify differentially regulated genes. All five genes tested that presented lower expression in the rpoE mutant by mi- (Fig. 3A) . Further analysis of some genes that presented the highest differences in expression was carried out in the J1a12, rpoE, and rpoE(pRPOE) strains at 25°C and after incubation at 40°C for 25 min (Fig. 3B ). All the genes tested were induced by heat shock in a E -dependent manner, confirming that E mediates the heat shock induction of a subset of genes in X. fastidiosa. As a control for the experiment, a gene that was induced by heat shock in a E -independent manner (XF0285) was also tested, confirming the pattern of expression observed in the microarray experiments.
Determination of a E -binding consensus motif. The transcription start sites of the E -dependent genes XF0644, XF2594, XF0167, XF1694, and rseA were determined by primer extension analysis in order to identify the E -dependent promoter. In Fig. 4A , bands corresponding to the extension products can be seen in the lanes with RNA from strains J1a12 and rpoE(pRPOE) incubated at 40°C for 25 min, but not with the rpoE mutant RNA. The results indicated that heat shock induction was due to an increase in transcription from a E -dependent promoter and was not the result of a second promoter in these genes.
A consensus for the E -binding motif was obtained by alignment of the experimentally determined promoters (Fig. 4B) . A search for this sequence was carried out manually using as parameters the sequence AAC-16/17 nucleotides-TnnA and screening about 300 nucleotides upstream of the annotated ATG of the genes identified by microarray analysis. These conserved promoter elements were identified upstream of nine other rpoE-regulated genes (Fig. 5) , indicating that these genes could be directly regulated by E . The proposed consensus X. fastidiosa E -binding site ( G AACnn-[N] 16-17 -G T C nnA) is very similar to E. coli E and P. aeruginosa AlgU binding sites (20, 52) . The core of the Ϫ35 sequence (AAC) and the flanking T and A of the Ϫ10 sequence are conserved through all three species and could constitute a minimum required recognition site for X. fastidiosa E binding. It has been proposed that bacteria with few ECF sigma factors can afford more variation in the promoter sequences of their regulated genes (26) , and this could also be the case for X. fastidiosa.
Regulation of the transcription unit rpoE-rseA-XF2241. In several bacteria, ECF sigma factors are cotranscribed with their cognate anti-sigma factors, and usually this transcription unit is autoregulated by the ECF sigma factor (26) . An important exception to this rule is the subgroup of ECF sigma factors E -binding site is indicated below, compared to E. coli E -and P. aeruginosa AlgU binding sites (20, 51) . Subscripts indicate bases of the consensus sequences conserved in less than 85% of the sequences, and n indicates any nucleotide.
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that respond to iron starvation, which are not autoregulated (10) . A gene encoding a putative anti-sigma factor (rseA) is located downstream of rpoE in the genome of X. fastidiosa and is probably cotranscribed with the XF2241 gene, encoding a MucD orthologue. Both rseA and XF2241 are induced by heat shock in a E -dependent manner (Table 1 and Fig. 3B) . A similar genomic organization is found in Xanthomonas sp., where genes XCC1267/XCC1268/XCC1269 encode an ECF sigma factor, a putative anti-sigma factor, and a MucD orthologue, respectively. In other bacteria, such as enterobacteria and Pseudomonas, there may be one or two genes downstream of rseA (namely, rseB/mucB and rseC/mucC), which encode accessory E regulatory proteins (43, 54) . There are no orthologues of rseB and rseC in the X. fastidiosa genome, which suggests that E activity might be regulated only by RseA in this bacterium.
In order to investigate whether rpoE-rseA-XF2241 constitute a single transcription unit, RT-PCR experiments were carried out using primers pointing outward from each gene. As can be seen in Fig. 6A , a specific band could be obtained when primers located at the end of rpoE and the beginning of rseA were used. The same results were obtained with primers between rseA and XF2241. The amplification products were obtained from RNAs of cells growing at 25°C or exposed to 40°C for 25 min, showing that a transcript encompassing the three genes is present under both conditions. In agreement with these results, no independent transcription start site was found for XF2241 by primer extension analysis (not shown).
The transcription start site of rpoE was determined both by 5Ј RACE and primer extension (Fig. 6B and C) , and a single start site was found. A sequence with similarity to the consensus sequence for E. coli 70 promoters (61) was found in the Ϫ35 region (TTGACG), suggesting that expression of this transcription unit is driven by the housekeeping sigma factor.
The results observed in microarray and qRT-PCR analyses showed that rpoE expression is not decreased in the rpoE mutant, indicating that this gene is not autoregulated, unlike most of the known orthologues. However, the downstream genes rseA and XF2241 are induced by heat shock in a Edependent manner and at similar levels of induction, using a E -dependent promoter found between rpoE and rseA (Fig. 4) . Despite the fact that it was long known that E regulates the expression of the rpoE-rseABC operon in E. coli (43) , it was not until recently that the existence of a second E -dependent promoter was demonstrated upstream of the E. coli rseABC operon (52). However, unlike X. fastidiosa, in E. coli, rpoE is autoregulated by its own E -dependent promoter (50, 53) . FIG. 5 . Alignment of putative promoter sequences of the Eregulated genes. Transcription start sites determined by primer extension analysis are underlined. Alignment of the other sequences was carried out by manual inspection of 300 bp upstream of the ATG of the indicated ORFs. The shaded residues are those agreeing with the proposed consensus for the X. fastidiosa E -binding site (Fig. 4B) . The numbers indicate the positions of the first adenine of the conserved AAC sequence relative to the adenine of the translation initiation codon. RT-PCR analysis of total RNA from J1a12 cells grown at 25°C (Cϩ) or incubated at 40°C for 25 min (H) or a control without reverse transcriptase (CϪ). Amplification was carried out using pairs of primers between the rpoE and rseA genes (XF2239/XF2240) and between rseA and XF2241 (XF2240/XF2241). The arrowhead indicates the specific product. (B) Determination of the transcription start site of rpoE by primer extension. Total RNA from J1a12 grown at 25°C (C) or incubated at 40°C for 25 min (H) was used as a template in primer extension experiments. A primer corresponding to gene rpoE was 5Ј end labeled with 32 P and extended with reverse transcriptase and was also used in a DNA-sequencing reaction, shown on the left. The arrowhead indicates the band corresponding to the observed start site. (C) Determination of the transcription start site of rpoE by 5Ј RACE. Total J1a12 RNA was used in a 5Ј-RACE amplification assay with primers anchoring at the beginning of the rpoE coding region. DNA sequencing of several amplification products identified an A as the start site (bottom). The sequence of the rpoE promoter region is shown above, and the Ϫ35/Ϫ10 region is indicated in boldface. The ribosome-binding site (RBS) is underlined, and the translational start codon of RpoE is indicated. A model to explain these results is presented in Fig. 7 . The rpoE operon is transcribed from a putative 70 -dependent promoter (Fig. 6) , and some transcription is also initiated at the E -dependent promoter upstream of rseA, since the rseA/ XF2241 genes are less expressed in the rpoE strain even in the absence of stimuli (Fig. 3B) . Under heat stress conditions, transcription from the 70 -dependent promoter is turned down (Fig. 2C and 6B ) and transcription from the E promoter upstream of rseA is highly induced (Fig. 3B and 4A ), transcribing the genes encoding the anti-sigma factor and the protease along with other genes of the heat shock regulon. Accordingly, expression of the rseA gene was also induced in a E -dependent manner when cells were incubated with 5% ethanol, although at a lower level (a 1.5-fold increase), as determined by qRT-PCR (not shown).
It has been determined that E. coli RseA is sequentially cleaved by proteases DegS and YaeL, releasing E in the cytoplasm to bind to the RNA polymerase core (reviewed in reference 1). XF2241 could be the protease responsible for the cleavage of the anti-sigma factor periplasmic domain; however, there is a second putative periplasmic protease containing two PDZ domains (XF0285) encoded in the X. fastidiosa 9a5c genome. Although both genes are induced by heat shock, XF0285 is not regulated by E (Fig. 3B ), but instead, its promoter presents a putative 32 consensus sequence (31) . A gene encoding an orthologue of E. coli yaeL is also present in the genome (XF1047), and therefore, we can predict that the liberation of E from the anti-sigma factor is probably achieved by two-step proteolysis, as described for other bacteria.
A regulatory network similar to the one presented in this work was also demonstrated for the iron starvation ECF sigma factor HasI of Serratia marcescens, which is not autoregulated but exerted only partial autoregulation on the anti-sigma factor gene (8) . The authors propose that ECF sigma factors that regulate multiple promoters may be required in increased amounts, while those that are limited to regulating a few promoters would not be needed. However, X. fastidiosa rpoE regulates a fair number of genes, and yet its transcription is diminished when E is activated ( Fig. 2C  and 6B ), whereas rseA transcription is greatly increased. A hypothesis to explain this difference in regulation could be higher stability of X. fastidiosa E , which could substitute for the need for increased transcription by an autoregulatory feedback, such as those of other bacteria. The increase in RseA levels that results from its E -dependent transcription could restore free E to background levels, shutting down the response. An alternative regulatory mechanism reported for E. coli FecI/FecR factors has shown that the N-terminal fragment of the antisigma factor FecR generated by proteolytic cleavage is required for FecI sigma activity, either by changing the FecI conformation or by preventing its degradation (10) . We cannot rule out the possibility that this occurs in the X. fastidiosa RpoE/RseA system as an alternative hypothesis to explain the role of RpoE-mediated induction of rseA. FIG. 7 . Model for the regulation of genes rpoE and rseA. The entire rpoE operon is transcribed from a 70 -dependent promoter, and some transcription also occurs from the E internal promoter at normal temperature. During heat shock, transcription from the 70 promoter is turned down and transcription from E -dependent promoters is highly induced, including that from the internal promoter upstream of rseA. This results in high levels of RseA in the cell, which in turn sequestrates E back to an inactive form, shutting down the response. R, RNA polymerase core enzyme.
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